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1) The ability to achieve rapid, high brain levels of cocaine by smoking crack has greatly increased its abuse potential and also its toxicity. 2) Cocaine in the form of freebase is preferred by drug misusers because it is much more socially acceptable, particularly among habitual smokers of marihuana.
3) At the same time, freebase appears to be much cheaper than cocaine hydrochloride. 4, 5) The toxic effects of cocaine in humans are similar to those of crack, 6) although the signs and symptoms caused by crack are more intense and short-lasting. 7, 8) The protozoan Tetrahymena pyriformis, a monocellular organism, is a suitable experimental model for functional, pharmacological, toxicological or immunotoxic studies. [9] [10] [11] [12] Our experience with this protozoan has led us to consider its DNA content as a parameter that we could examine for the detection of toxic responses to cocaine. This protozoan contains a macronucleus which participates in the conjugation and division of the cell and contains deoxyribonucleic acid. In most strains of Tetrahymena, a micronucleus is also present. 13) Macronucleus of the protozoan Tetrahymena pyriformis contains 12-24 times as much DNA as does micronucleus and practically represents the total DNA content of the cell. Macro-and micronuclei both give strongly positive cytochemical reactions for DNA (Feulgen). 14, 15) The aim of this study was to investigate the possible toxic effects of cocaine salt and cocaine freebase (crack) on the DNA content of the macronuclei of the protozoan Tetrahymena pyriformis, in an effort to explain the underlying mechanisms for the immunodeficiency which cocaine addicts develop, since our daily practice concerns drug addicts.
MATERIALS AND METHODS
A computerized image analysis system (CIAS), based on high-resolution scanning, has proved to be an effective approach to examine and classify stained cells spread on a glass slide in the form of smears. 16, 17) This technique is based on a conversion of optical images of cells into arbitrary numerical values (digitization) based on light absorbance or transmission.
The CIAS was used to study the macronuclei of the cell. Relevant procedures with the protozoan Tetrahymena pyriformis have been established for years. 18, 19) This protozoan was grown axenically in a proteose-peptone broth at 25°C, without stirring the cultures, until reaching late log phase, generally 4-5 d after inoculation. 12) Cocaine hydrochloride or crack was added to the 100-ml cultures as aqueous solution in doses 1 and 2 mg of substance per 100 ml of culture respectively. These doses were selected based on previous studies carried out in our laboratory with doses ranging from 0.15 to 0.60 mg of both cocaine and crack per ml of protozoan culture, which did not produce any effects.
12) The toxic effects of cocaine in humans have been noted with blood concentrations ranging from 0.25 to 5 mg/ml.
20) The doses selected were 10 and 20 mg of cocaine or crack per ml of protozoan culture. Concentrations above levels toxic to man are acceptable for cellular cultures. 21) We did not extend our experiments to higher doses, since we focused on concentrations similar to those found in human blood. 20) For each drug and dose selected 12, 20) one protozoan culture was tested and another culture served as control. The cultures were allowed to stand for either 1 or 2 h after administration of the substances. Then one drop (50 ml) of each culture, which contained the protozoa, was pipetted onto a clean microscope slide, impregnated with the adhesive agent poly-Llysine hydrobromide (Sigma) 0.1% in water for injection, and allowed to stand until drying. 22) The nuclei of the protozoa were stained red to purple with the Feulgen reagent to stain DNA specifically and quantitatively, according to the static cytophotometric procedure. Thereafter, the quantitative analysis of the DNA content of the macronuclei of the protozoa was performed using the digital image analysis system An assay for computerized scoring of the DNA content of the protozoan Tetrahymena pyriformis has been used for the detection of toxic responses to cocaine, since DNA is responsible for the replication of the genetic material and also reflects closely the number of chromosomes in the nucleus. Thus, doubling of the number of chromosomes in a cell will also correspond to doubling of the DNA content and of the nuclear volume. Two chemical forms of cocaine were used, cocaine hydrochloride and cocaine freebase (crack), at two doses of 1 and 2 mg per 100 ml of protozoan culture, respectively. Image analysis of the protozoan nucleus patterns revealed a rapid stimulating effect on the DNA content for both cocaine hydrochloride and freebase after 1 h of incubation. However, after 2 h of treatment a reduction, although not statistically significant, of the DNA content of the protozoan was observed. These observations were further correlated with the phagocytic activity of the protozoan cultures. This paper provides some possible explanations of the toxic effects of cocaine on this particular cell model.
SAMBA 2000. A total number of 50 macronuclei were selected randomly and the measurement of their DNA was performed at the wavelength of 560 nm.
Student's t-test was used to assess the statistical significance of the differences observed in the DNA content between cultures.
RESULTS AND DISCUSSION
The main finding of the present study (Table 1) is that both forms of cocaine, salt and freebase, significantly affected the DNA content, when compared to the control cultures.
Cocaine concentration of 1 mg had no effect on the DNA content of the culture during the first hour of exposure. However, a statistically significant reduction of DNA quantity was observed during the second hour. The 2 mg concentration of cocaine stimulated DNA production during the first hour, an effect that is reversed during the second hour.
Crack showed a rapid stimulating action on the DNA content, at both concentrations, an effect that was not observed during the second hour.
The increase in DNA content of the cell indicates a stimulation of the mitotic process. We suggest that the freebase form is much more potent and rapid in action than the salt form. This effect might be related to the faster onset of action due to the higher lipophilicity of the freebase, speculation that is in agreement with the literature. 7, 8, 12) Furthermore, the reduction of DNA content observed during the second hour of the experiment, might represent a direct cytotoxic effect after a prolonged exposure of the cultures to the drug. 7, 23, 24) According to previous experiments of ours with the protozoan phagocytosis, 12) cocaine salt and freebase present a quantitatively different behavior on Tetrahymena cultures. We postulate that these differences in terms of onset of action represent the different lipophilic properties of the two molecules. The freebase, due to its higher lipophilicity, permeates easily the cell membrane of the protozoan. These observations were also confirmed in the present experimental runs (Table 1) .
In the present study the observed stimulation of the mitotic process, that leads to the stimulation of the DNA synthesis, indicates a mitogenic effect of cocaine products. According to the literature, mitogenic stimuli can be substantially harmful for the cell and the DNA content is increased above normal. 25) When DNA production of the protozoa occurs, the energy deposits of the cell are consumed for that function and other activities stop. 26) Hence, phagocytosis is highly suppressed, an observation that is in accordance with previous experiments of ours. When DNA synthesis is stimulated, phagocytosis is suppressed and vice versa. 12) These results further support the suggestion that the consumption of the energy deposits for intensive proliferation leads to a dysfunction of other important life supporting mechanisms. Although there is no direct evidence in the literature that the proliferation of dysfunctional macrophages is stimulated in cocaine addicts, this might be an underlying mechanism of the immunodeficiency observed in these people. 6) According to our results, the suppression of phagocytosis is correlated with other findings where cocaine alters the function of natural killer cells, T cells, neutrophils and inhibits the phagocytic activity of macrophages. This suppressive effect may contribute to the impairment of immunity that drug misusers usually present. [27] [28] [29] Cocaine has been shown to have a suppressive effect not only on phagocytosis but also to have a potent suppressive effect on cellular immunity, and abuse can adversely affect the outcome of infectious diseases. 30) Cocaine use has been shown to increase the risk of HIV infection in humans, and this increased risk cannot be explained by i.v. drug use alone. It is thought that this increased susceptibility may be a result of decreased immune responsiveness in cocaine addicts, due to the inhibition of serotonin uptake by the cocaine use. 31) Since phagocytosis of the protozoan is a similar function to that of the mammalian phagocytes 10, 21) and represents a major defense mechanism, 32) our findings can partly explain the underlying mechanisms for the reported immunodeficiency which cocaine addicts develop. 
